The Off-Gel  technology was recently described for protein fractionation in a solution placed on top of an immobilized pH gradient gel. In addition, this process was found to remove salts from the biological samples to analyze. This desalting effect is studied experimentally in a conductometric prototype cell. A simplified analytical model is developed to understand this process and a good agreement is found with the conductivity measurements. To illustrate the desalting of a biological sample, a 1 mg?mL 21 solution of b-lactoglobulin A in 0.1 M NaCl is subjected to electrophoresis in a single compartment Off-Gel  cell. The analysis of the resulting sample by ESI-MS demonstrates the effective removal of salt. A finite element diffusion-migration model is also used to illustrate how the nonuniformity of the electric field in the cell, associated with the salt migration, can slow down the desalting process.
Introduction
Since its introduction in 1975, two-dimensional gel electrophoresis (2-DE) has been the method of choice for the separation and classification of proteins according to their isoelectric point (pI) and mass [1] . Numerous articles have been dedicated to the high resolution of this technique [2] [3] [4] [5] . A key point to get highly interpretable 2-DE maps is the solubilization of the biological sample [6, 7] . The first dimension, i.e., isoelectric focusing (IEF), suffers from the interference with common substances, such as lipids, polysaccharides, and salts. Indeed, the high concentration of salt (.100 mM) within a sample solution (e.g., physiological fluids) disturbs the electrophoresis process, by creating a high-conductivity zone in the immobilized pH gradient (IPG) gel [8] . A variety of sample clean-up techniques are used to circumvent this problem, such as, e.g., dialysis [9] , gel filtration [10] , hollow fiber dialysis [11] , and selective precipitation of proteins with dyes [12] . Furthermore, the sample, once separated by 2-DE and stained, requires new preparation steps before analysis by mass spectrometry (MS), which is known to be highly sensitive to the presence of salts and detergents. With the recent development of proteomics, extended efforts have been dedicated to the digestion of peptides or proteins and to desalting steps prior to MS, either by matrix-assisted laser desorption ionization-MS (MALDI-MS) or by electrospray ionization-MS (ESI-MS) [13] [14] [15] . Recently, new techniques have been proposed to improve the specific desalting process [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In 1987, Righetti et al. [24] showed that the use of a segmented IPG gel was an efficient manner to desalt and separate proteins in solution.
In 2002, we have shown that Off-Gel  electrophoresis could be used to fractionate protein samples in solution without any ampholytes added. In Off-Gel  electrophoresis, the biological sample to be purified is filled in a flowchamber [25, 26] or in static multiwells [27] , which are positioned on top of an IPG gel. The pH at the bottom of the chamber is chosen to be close to the pI of the proteins to be isolated. Two electrodes are placed at the extremities of the gel and when a direct current (DC) voltage is applied, the electric field penetrates into the flow-chamber causing the charged species to migrate from the chamber to the gel (i.e., when pH gel , pI or pH gel . pI). After fractionation, only globally neutral species (i.e., pI = pH gel ) remain in the chamber. This technique allows an easy recovery of the purified compounds directly in solution. As for classical chromatographic methods, the advantage of Off-Gel  electrophoresis is its ability to desalt during the separation step, which can avoid a specific desalting step.
In this paper, we report first the time evolution of the conductivity of a pure KCl or NaCl solution during Off-Gel  electrophoresis. To follow the decrease of ionic strength, a conductometric cell with a large solution chamber was developed to implement additional measuring electrodes. A frequency response analyzer (FRA) was used to measure the impedance of the cell and to calculate the conductivity of the solution. The experimental data were analyzed using a simplified analytical model. As a proof of principle, a protein desalting experiment using the OffGel  flow cell is then presented for a 0.1 M NaCl-b-lactoglobulin A solution. The analysis of the resulting sample is carried out by ESI-MS. Using the same geometry, a finite element diffusion migration model is used to show the effect of the electric field distribution in the cell on the desalting velocity.
Materials and methods

Chemicals
Sodium chloride (NaCl), potassium chloride (KCl), and acetic acid were purchased from Fluka (Buchs, Switzerland). Water of high resistivity (18.2 MO) was freshly prepared using a Milli-Q system from Millipore (Bedford, MA, USA). b-Lactoglobin A from bovine milk was purchased from Sigma (St. Louis, MO, USA). The protein stock solutions (1 mg?mL
21
) were prepared in pure water and used without further purification. IPG DryPlates (11 cm long linear pH gradient from pH 5 to 6) were purchased from Amersham Biosciences (Uppsala, Sweden). Methanol p.a. grade (99.9%) from Merck (Darmstadt, Germany) was used to prepare the spraying solution for the MS experiments.
Conductivity measurements
For the measurement of conductivity in the solution, the conductometric cell schematically depicted in Fig. 1a was used. The cell was assembled with a 464 cm 2 piece of an Immobiline gel placed between two plexiglass holders. The pH of the gel below the center of the chamber was equal to 5.1 as for the next section. Reservoirs and tubing were all filled with deionized water and the gel left to reswell for 30 min. Electrodes were carefully washed before any experiment and sonicated in pure water and in methanol to remove any contaminant. The open chamber was filled either with 2 mL KCl solution (10 24 M) , respectively) was applied through the gel. Impedance was measured using a frequency response analyzer Autolab PGSTAT 12 from Metrohm (Herisau, Switzerland). An alternating current (AC) potential of 0.1 V was applied at the two additional electrodes and the frequency decreased from 30 000 to 0.1 Hz. Impedance was then converted to conductivity for a given cell constant. Conductivity was also measured with a conductometer E 518 from Metrohm.
Desalting of a protein sample in the
Off-Gel  cell
To demonstrate the desalting capacity for protein samples, the cell presented in Fig. 1b was employed. The procedure, as described for the preparation of the gel, was used and a solution of b-lactoglobulin A (1 mg?mL 21 ) in 0.1 M NaCl submitted to electrophoresis. The middle pH of the gel was chosen to fit with the pI of b-lactoglobulin A (i.e., 5.1). The voltage was set at 100 V. The solution was recycled with the help of a peristaltic pump (Ismatec, Switzerland) at a rate of 50 mL?min 
Analytical model
In the Off-Gel  principle, an electric field is applied across the gel (Fig. 1a) and some current lines pass through the solution above the gel. From an electrical point of view, this system can be modeled by two resistances in parallel, R 1 and R 2 , representing the resistance in the solution and in the gel, respectively. The total current passing in the device can be simply described by
where I 1 is the current flowing through the solution, I 2 is the current passing through the gel, and U is the voltage applied at the edges of the chamber. Note that the pH in the IPG gel is fixed by a high concentration of Immobilines (10
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-10 21 M). These amphoteric species, which are covalently linked to the acrylamide gel backbone, give a high buffering capacity to the fonctionalized gel.
In the chamber solution above the gel, cations and anions migrate towards the cathode and the anode, respectively (Fig. 2) . To remove one mole of a (1:1) salt from the chamber, at least two coulombs are needed to address both the cations and the anions. The current, I 1 , through the solution (Eq. 2) is therefore directly linked to the amount of ions transferred from the chamber to the solution of conductivity s
where q is the charge, F is the Faraday constant, V is the volume of the solution in the chamber, and L m is the molar conductivity (assumed to be independent of the salt concentration under dilute conditions). On the basis of Table  1 , the contribution of the proton migration to the current I 1 in solution is here neglected because of the higher concentration of salt compared to that of the protons (but staying in the dilute solution assumption, i.e., ranging in the 10
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-10 22 M range for a gel at pH 5). In that case, we can also assume that the resistance R 1 of the solution is not affected by the protons crossing the chamber but only depends on the conductivity of the electrolyte solution 
where k is the cell constant. It is worth noting that the charge balance of the solution is here considered in a global view (each K 1 going at one end being equilibrated by a Cl 2 doing the same at the other end of the chamber). The local conservation of the electroneutrality condition, that induces electromigration dispersion (such as stacking effects) or diffusion potentials, will be taken into account in the numerical model. In the gel, the charge of the K 1 and Cl 2 migrating fronts is assumed to be balanced by the concomitent supply of H 1 and OH 2 from the electrodes ensuring the buffering capacity of the Immobilines.
Using Ohm's law (I 1 = U/R 1 ) to link Eqs. (2) and (3), we obtain the following differential equation, expressing the variation of the solution conductivity with time
and taking as initial conditions s = s 0 the conductivity simply comes as
When a high concentration of salt (compared to the protons in the gel) has time to penetrate the gel before the application of the electric field, time is required to desalt the gel before the solution. Equation (5) becomes
where t d is the desalting time of the gel. This two-resistance model can be completed by adding a resistance, R 3 , for the lateral sides of the gel (see Addendum).
Numerical model
A previous model based on diffusion-equilibria equations had already been developed to study the influence of the buffering capacity of the gel at the solution/gel interface [26] . The present work studies the effects of the nonuniform conductivity distribution in the cell on the diffusion-
migration phenomena. Concerning electromigration phenomena, numerous mathematical and numerical studies have been presented in the literature, as for example [29] [30] [31] [32] [33] [34] [35] [36] [37] , to describe the different modes of capillary electrophoresis or IEF processes. In a first approximation, the gel is considered as a supporting (i.e., background) electrolyte, ensuring the initial current in the gel and the electroneutrality condition when the ions from the chamber (i.e., K
1
, Cl
2 ) are entering the gel. As a consequence, the acidbase reactions on the Immobilines and the physicochemical effects of the pH gradient are neglected.
As illustrated in Fig. 3 , a four-species model was developed (from the two species one described in [38] ). It consists of the (1:1) salt initially present in the solution (concentrations c 1 , c 2 ) and of the (1:1) supporting electrolyte (concentrations c 3 , c 4 ) assumed to be initially present in the entire domain to consider the buffering of the chamber by the gel. The electric field calculation is not decoupled from the transport Eq. (7), but is calculated simultaneously at each time step. To address this unknown (i.e., f), the electroneutrality equation (Eq. 8) is added to the transient diffusion-migration equation (Eq. 7) here expressed in the local form
where c i , D i , z i , are respectively the concentration, the diffusion coefficient, and the electrical charge of the four species i. The last two properties are assumed to be uniform over the entire domain (z ci = 1, 21, 1, 21, respectively, and D i = 1610 29 m 2 ?s
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). As the model is not directly compared with the experiments, the diffusion coef- ficient was fixed at the order of magnitude of the considered salts NaCl and KCl. Moreover, the solution and gel are assumed to be convection-free and isothermal (natural convection neglected). No kinetic barriers are considered at the solution/gel interface as the gel could be considered as an aqueous solution [26] .
The geometry used is a vertical cross-section of the device, consisting of solution and gel parts (transversal to the flow direction). It can be represented by a 2-D cross section of the cell (Fig. 1b) as the electrodes cover the entire lateral section of the gel. The size of the geometry is consistent with the dimensions of the experimental setup. The total gel length L 2 was fixed at 26 mm (ensuring that the migrating species do not reach the edges of the gel during the calculation time). A potential difference of 26 V was applied across the gel as boundary conditions (10 V?cm
). The initial concentration of supporting electrolyte was fixed at 1 mM for all the calculations and the initial salt concentration in the chamber was varied (i.e., 0.1, 0.5, 1, 2, 5 mM). The no flux conditions are imposed at all the boundaries of the domain excepted the extremities of the gel that are submitted to migration (c 3 , c 4 = 1 mM is imposed at these extremities).
The 2-D cartesian model was implemented on the finite element commercial software Flux-Expert  [39] , operated on a Dell Linux PC (2 Gb RAM, 2.4 GHz frequency). The integral Galerkin formulation corresponding to Eqs. (7) and (8) 
Results and discussion
Conductivity measurements
The evolution of the desalting process was followed by conductivity measurements carried out using a diluted KCl electrolyte (i.e., 1610 , k as 222.4 m 21 . The cell constant, k, was obtained experimentally by measuring the cell resistance for KCl standard solutions of different concentrations. By fitting the calculation with the experimental results for a dilute solution, the voltage U on the solution chamber was found to be 1/5 of the total voltage U tot applied on the cell. As a comparison, the theoretical value of the ratio U/U tot is 1/7 when R 1 = R 2 (i.e., U = 0.5R 2 ?I and U tot = U1R 3 ?I = 3.5 R 2 ?I, where R 3 corresponds to the lateral parts of the gel whose total length is 30 mm compared to the 10 mm length of the chamber).
The conductivity of the solution was found to decrease exponentially, as predicted by Eq. (5) and a good agreement was obtained between the experimental and the calculated values for the different applied voltages. When the applied voltage increases, the time required to desalt the solution is reduced because of a higher migration velocity. With a voltage set at 500 V (i.e., 125 V?cm 21 ), the steady-state regime (corresponding to the complete sample desalting) is reached after 7 min (i.e., 400 s) whereas for 100 V, 30 min (i.e., 1800 s) are required. One can note that the desalting process is considered as terminated when the conductivity of the solution reaches the conductivity of the de-ionized water (measured before adding the salt at 0.5610 24 S?m
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).
To go towards more realistic conditions, higher salt concentrations (1610 23 to 1610 22 M NaCl) were used. For an imposed voltage of 100 V (25 V?cm 21 ), the resulting conductivity was measured as a function of time, as shown in Fig. 5 . Between the loading of the chamber and the establishment of the electric field, the salt has some time to diffuse into the gel (around 100 s). In that case, the main part of the current observed at the beginning of the experiment is used to desalt the gel below the chamber, which explains the plateau of conductivity observed in Fig. 5 . This desalting delay is particularly important when the salt concentration is higher than the one of the proton in the gel, as illustrated by the increase of the plateau length with the concentration of salt. For the most concentrated solutions, the plateau length is then amplified by instrumental limitations. Indeed, the initial peak of current induced by the gel desalting is limited at the safety value imposed by the setup (10 mA) to avoid gel burning and gas evolution at the electrodes (see Fig. 2 ).
The time necessary to desalt the gel is illustrated by the curves (Fig. 5 ) which correspond to the fitting of the experimental results with the analytical model (Eq. 6). For the highest salt concentration (1610 22 M), the plateau length is around 11 min (650 s) whereas it falls down to 2.5 min (150 s) for a concentration of 1610 23 M. After this time, the usual exponential decrease is observed. Consequently, the complete desalting of the most concentrated solution requires 30 min (1800 s) while, for a 1610 23 M solution, 18 min (1100 s) are necessary. These important desalting times can be explained by the big chamber size of the conductometric cell (10 mm height instead of 1 mm for the Off-gel  recycling one). during an Off-Gel  run at 100 V (geometry of Fig. 1a To illustrate the desalting principle of the Off-Gel  flow cell, a solution of b-lactoglobulin A in 0.1 M NaCl was submitted to electrophoresis and the results visualized by ESI-MS (Fig. 6) . The presence of salts in the sample can have many consequences, depending on their nature, their concentration, and on the settings of the ESI source used to transfer ions from the liquid phase to the gas phase (electrospray voltage, heated capillary voltage, and temperature in the case of the LCQ Duo used in this study with the microchip infusion). The main ones are (i) a decrease of sensitivity that has been the object of several fundamental studies [41] [42] [43] , (ii) a peak-broadening that complicates mass assignment and spectrum deconvolution (see e.g., [44] ), and (iii) the apparition of salt clusters of the form [M1nNa] . MS measurements were made before and after 1 h Off-Gel  run (Fig. 6 ). Figure 6a shows the difficulty to analyze a spectrum with the presence of salt as explained in [22] . But after a 1 h run (Fig. 6b) , the salt has efficiently been removed and the characteristic peaks of b-lactoglobulin A are well resolved. ( Fig. 1b) . The mixtures were diluted by a factor of 10 in a solution of methanol:acetic acid:water (50:1:49 v/v/v) before infusion.
Numerical simulation
The numerical model was used to illustrate the evolution of cations and anions coming from the electrolyte solution present in the chamber and migrating in the gel toward the anode and the cathode, respectively. When an electric field is applied along the IPG gel, the current lines pass through the flow chamber inducing the migration of the ions [25] . Figure 7a illustrates the concentration isovalues of the positive and negative ions after 60 s when the concentrations of salt and supporting electrolyte are identical (c 1,2 /c 3,4 = 1).
In the case of a solution that has a higher ionic strength than the gel, a greater fraction of the current lines pass through the chamber and should promote the ions migration. But the higher salt concentration also results in a local decrease of the electric field in the chamber (Fig. 8) , reducing the local migration velocities of the ions following Eq. (7). This slowdown effect on the desalting process is shown in Fig. 7b representing isovalues of the salt anion concentration c 1 , for two different concentration ratios (i.e., c 1,2 /c 3,4 = 1 and 5) after a run of 200 s. As expected from the previous explanation, the higher the salt concentration ratio, the slower the removal of salt from the chamber.
Concluding remarks
In the present investigation, it is shown that Off-Gel  electrophoresis can also be used to desalt a protein solution (in addition to its fractionation ability demonstrated previously). While remaining in solution, the sample can directly be involved in the next analysis step. Consequently, provided the realization of further developments, this technology could be downscaled to be envisaged as an on-line purification method integrating the desalting step. Using AC measurements, the evolution of the electrical conductivity of an electrolyte solution under Off-Gel  electrophoresis was characterized. An analytical model was developed, showing a good agreement with the experiments. For the conductometric cell presently used (featuring a large chamber over gel height ratio) and high salt concentration, the beginning of the experiment is used to first desalt the gel. This situation is observed when the salts have time to diffuse in the gel before the application of the electric field. Going to the smaller geometry like the Off-Gel  cell, a diffusionmigration finite element model was used, showing how the nonuniformity of the electric field through the cell (due to the salt) can slowdown the desalting process. To illustrate the desalting of a biological sample, a 1 mg?mL 21 solution of b-lactoglobulin A in 0.1 M NaCl was subjected to Off-Gel 
Addendum
Extended analytical model
The Off-Gel  system can be represented by a set of three resistances as shown below, where U tot is the total voltage passing through the three resistance system. By applying Ohm's law for U, it is written
where s g and k 2 are the conductivity and the cell constant of the gel, respectively.
Rearrangement gives
Using Eq. (A.1-3), U tot is expressed as
If R 3 = xR 2 , then:
Inserting Eq. (3) into Eq. (A.4), it is obtained
